Climate change is causing wide-scale restructuring of species community composition both in space and time, as species respond by shifting their ranges ([@r1], [@r2]) and the timing of important life-history events, such as reproduction ([@r2][@r3]--[@r4]). Phenological shifts in response to recent climate change are widely recognized across regions, ecosystems, and species ([@r2], [@r5][@r6][@r7]--[@r8]). Underlying a general advancement in the timing of phenological events, however, is high variability in both the direction (advance or delay) and magnitude (rate) of change ([@r2], [@r7], [@r9]). Specifically, while many bird species time their reproduction using cues related to temperature ([@r10], [@r11]), there is variation regarding shifts in the onset of breeding, with some bird species advancing and others delaying their breeding ([@r12], [@r13]). In addition to shifts in the mean timing of breeding, the length of species-specific breeding periods may also change ([@r4], [@r14]). Depending on changes in timing of the onset of breeding with respect to its termination, the duration of the breeding period of a species may remain stable, contract, or expand ([Fig. 1](#fig01){ref-type="fig"}).

![Schematic of the effects of climate change on the duration of a hypothetical breeding period, with differences mediated by variation in the direction and/or relative magnitude of shifts in the beginning and end of the breeding period. The distribution at *T*~1~ is shown in gray and a shifted distribution at *T*~2~ is in blue. Horizontal brackets show the beginning of the breeding period (5th percentile of observations), the end of the breeding period (95th percentile of observations), and the respective duration. The duration of the breeding period may remain stable if (*A*) neither the beginning nor end shifts over time, or if both the beginning and end either (*B*) advance or (*C*) delay equally. The breeding period may contract if (*D*) the beginning delays while the end advances, (*E*) the end advances faster than the beginning, or (*F*) the beginning is delayed more than the end. Finally, the breeding period may expand if (*G*) the beginning advances while the end is delayed, (*H*) the beginning advances more than the end, or (*I*) the end is delayed more than the beginning.](pnas.1913579117fig01){#fig01}

Reproduction among birds has evolved to maximize offspring survival ([@r4], [@r15]), and consequently changes in environmental conditions that affect the duration of breeding are likely to affect fitness. An extended breeding period may indicate longer optimal conditions for breeding, while a contraction may indicate reduced or abbreviated periods of resource availability. Depending on the nature of temporal changes in resource availability and the ability of species to adjust to these changes, the resulting shifts in the timing and duration of breeding may be either adaptive or maladaptive ([@r16]). All else being equal, a temporal shift in breeding phenology is adaptive (i.e., it preserves or increases individual fitness) if breeding continues to co-occur with periods of sufficient resource availability ([@r17]). In contrast, a phenological shift is maladaptive if it results in temporal mismatches between breeding and peak resource availability, and thus reductions in individual fitness ([@r9], [@r18]). Moreover, changes in the timing and duration of breeding among individuals and species may have large effects on the frequency of co-occurring individuals competing for the same resources within the community, potentially strongly affecting both intra- and interspecific interactions ([@r18], [@r19]). This may be particularly important at higher latitudes, where peak periods of resource abundance tend to be short ([@r20]). Despite their importance, changes in the duration of breeding under climate change have received little attention ([@r4]).

In attempts to explain variation in responses to climate change in breeding and migration timing among bird species, previous studies have focused on ecological traits, including longevity, number of broods, resource specialization, and migratory strategy ([@r4], [@r13], [@r21], [@r22]). How such traits affect changes in the duration of the breeding period, however, remains unclear. A review of the effects of climate change on the breeding duration of birds in the Northern Hemisphere ([@r4]) and a study on 20 bird species in Denmark ([@r21]) both found that multibrooded species tended to extend their breeding period with climate change, whereas single-brooded species tended to shorten it. However, the relationship between migratory strategy and changes in breeding duration remains unresolved. In addition to traits, niche conservatism may also constrain species' abilities to adjust their phenology, resulting in positively correlated shifts among closely related species that share attributes affecting their breeding response to environmental conditions ([@r22][@r23]--[@r24]). Finally, there may be regional differences in phenological responses (e.g., variation among biomes). For instance, while the community-level flowering season has generally expanded under changing climatic conditions in temperate regions ([@r5], [@r25], [@r26]), recent studies have pointed to a contraction of the flowering season in the tundra ([@r27], [@r28]). To date, no study has evaluated changes to the breeding season of bird species within the boreal region during the last few decades of anthropogenic climate change.

Here, we used an extensive spatiotemporal dataset of nestling ringing events across a high-latitudinal boreal system in Finland, spanning more than 1,000 km, to probe for changes in the beginning, end, and duration of the breeding period for 73 bird species over 43 y (1975 to 2017). The data consisted of ringing events of individual nestlings, which we used as a species-specific indicator of egg hatching ([*Methods*](#s3){ref-type="sec"}), given that nestlings can only be ringed when of a certain size (i.e., species-specific ringing dates are highly correlated with egg-laying dates; e.g., ref. [@r29]). These individual records were aggregated at the nest level, resulting in 821,413 records of unique ringing events ([Fig. 2](#fig02){ref-type="fig"}; [*Methods*](#s3){ref-type="sec"} and [*SI Appendix*, Text S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)). We classified species according to their migratory (resident and short-distance migrants or long-distance migrants) and reproductive strategy (one or multiple broods), and evaluated their combined effects (i.e., migratory x reproductive strategy) on species' phenological shifts over time. We further evaluated the effect of phylogeny on species-level shifts, and whether species exhibited variability in their responses across four bioclimatic zones spanning the latitudinal gradient of Finland ([@r30]) ([Fig. 2](#fig02){ref-type="fig"}).

![Spatial distribution of the nestling ringing data. The map depicts the location of each ringing event across the four bioclimatic zones in Finland, and the marginal histograms show their distribution and sample size per spatial coordinate (European Terrestrial Reference System 1989 coordinate system). The four side panels (*Left*) illustrate the distribution of ringing events over day of year for one selected species in each bioclimatic zone, showing two example years 20 to 25 y apart with different colors. Horizontal brackets indicate the phenological metrics calculated: beginning of breeding period (5th percentile), end of breeding period (95th percentile), and duration (difference between the end and the beginning). The number of species analyzed in each bioclimatic zone is shown beside each panel (73 species in total). There were 138 unique species-by-zone combinations as not all species were present in each of the four zones. Bird illustrations are by Mike Langman ([https://www.rspb-images.com](https://www.rspb-images.com/)).](pnas.1913579117fig02){#fig02}

To evaluate species-level shifts, we defined three metrics characterizing the breeding period: beginning, end, and duration. These phenological metrics were estimated for each species, year, and bioclimatic zone combination as the 5th (beginning) and 95th (end) percentiles of the species-specific distribution of annual day-of-year nesting events, and the difference between the end and beginning (duration; [Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}). For each metric, we used a multivariate, Bayesian linear mixed model framework ([@r31], [@r32]) to jointly estimate the effects of year and bioclimatic zone on species-level shifts over the 43-y study period (i.e., each metric was modeled separately, with joint responses across species; [*Methods*](#s3){ref-type="sec"}). The effect of year in each model represented a measure of mean annual phenological change for each metric. The model framework accounts for both correlation among species-level responses and temporal autocorrelation in metric values over the study period. Further, the framework uses species' traits and phylogeny to explain interspecific variation in estimated phenological shifts over the study period (see [*Methods*](#s3){ref-type="sec"} and [*SI Appendix*, Text S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental) for a detailed description of the modeling approach).

We expected greater advancement of the beginning of the breeding period for resident and short-distance migratory species compared with long-distance migrants, since the former tend to breed earlier in the season and may therefore be more responsive to temperature changes ([@r22], [@r33]). Resident and short-distance migratory species with a single brood were also expected to contract their breeding periods more than species breeding later in the season or those with multiple broods. Bird species that tend to breed early, such as resident and short-distance migratory species in general, depend on the simultaneous availability of early resource peaks ([@r16]). These peaks tend to be short and sensitive to temperature-induced shifts, especially at high latitudes ([@r5], [@r20], [@r26]), while facing a tradeoff with a potentially high cost of early breeding failure ([@r16]). Thus, the de facto overlap between breeding and resource availability may become even shorter under climate change. Species with one brood also tend to be more specialized in their resource use, and thus restricted to the periods of optimal resource availability ([@r15]). In contrast, species with multiple broods may exhibit an overall expansion of the breeding period. These species tend to use resources that last longer, and may benefit from presumed improvement of environmental conditions at both the beginning and end of the breeding season ([@r4], [@r15], [@r34]). Finally, we expected responses to differ among the bioclimatic zones, with greater advancement in zones farther north, as climate warming is more pronounced at higher latitudes ([@r3], [@r35]).

Results {#s1}
=======

Over four decades, the beginning of the breeding period exhibited a mean advancement of 4.6 d (95% CI: 3.7, 5.5 d) across bird species and bioclimatic zones ([Fig. 3](#fig03){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). The end of the breeding period showed an even greater mean advance of 6.3 d (95% CI: 5.5, 7.1 d; [Fig. 3](#fig03){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). Together, this resulted in a shorter average breeding period, with a mean reduction of 1.7 d (95% CI: 0.9, 2.6 d). Species-level mean responses did not vary across bioclimatic zones for any of the metrics ([*SI Appendix*, Figs. S1 and S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)).

![Summary of shifts in species-specific breeding periods over the study period (1975 to 2017). Distribution of species-specific posterior mean annual shifts in the beginning (*A*), end (*B*), and duration (*C*) of the breeding period. Species-specific shifts are summarized overall and by trait group (RS, resident/short distance migrant; L, long-distance migrant; 1, one brood per season; 2, two or more broods per season). Negative values indicate an advancement of the beginning and end of breeding or a contraction of the breeding period, while positive values indicate the opposite.](pnas.1913579117fig03){#fig03}

###### 

Summary of among-species breeding-period shifts over the study period (1975 to 2017)

  Trait group   Number of species-by-zone combinations   Among-species mean      Among-species SD
  ------------- ---------------------------------------- ----------------------- ------------------
  Beginning                                                                      
   Overall      138                                      **−4.6 (−5.5, −3.7)**   4.6 (3.9, 5.3)
   RS-1         69                                       **−4.8 (−5.9, −3.7)**   4.7 (3.9, 5.5)
   RS-2         24                                       **−5 (−6.4, −3.6)**     4.1 (3.2, 5.1)
   L-1          37                                       **−4 (−5.1, −2.9)**     4.6 (3.6, 5.7)
   L-2          8                                        **−4.1 (−7.7, −0.3)**   4.6 (1.4, 9.1)
  End                                                                            
   Overall      138                                      **−6.3 (−7.1, −5.5)**   6.6 (5.5, 7.7)
   RS-1         69                                       **−6.7 (−7.7, −5.8)**   6.8 (5.4, 8.2)
   RS-2         24                                       **−7.9 (−9.9, −5.9)**   7.9 (6.1, 9.8)
   L-1          37                                       **−5 (−6.1, −3.9)**     5.2 (4.2, 6.4)
   L-2          8                                        −4.4 (−8.7, 0)          5.4 (1.6, 10.3)
  Duration                                                                       
   Overall      138                                      **−1.7 (−2.6, −0.9)**   6.3 (5.3, 7.3)
   RS-1         69                                       **−2.1 (−3.1, −1.2)**   6.4 (5.3, 7.6)
   RS-2         24                                       **−2.7 (−4.8, −0.6)**   6.5 (4.6, 8.8)
   L-1          37                                       −0.7 (−1.8, 0.4)        5.8 (4.7, 7.1)
   L-2          8                                        0.4 (−4.4, 5.4)         4.9 (1.3, 9.8)

Among-species posterior mean and SD estimates are provided overall and by trait group with 95% CIs in parentheses. Among-species means for which the CI does not include 0 (evidence of a breeding-period shift) are identified in boldface. The number of species-by-zone combinations indicates the number of unique species-by-bioclimatic zone combinations (statistics are pooled across zone).

In total, 23 out of the 73 bird species showed a contraction in their breeding period (as indicated by a negative estimated mean shift in duration and corresponding 95% CI that did not include 0; [Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)). Breeding-period contractions were observed in all bioclimatic zones except the northern boreal, and were generally due to a disproportionate advance in the end relative to the beginning of the breeding period. Specifically, among these 23 species, the median shift (i.e., median response of the distribution of species-level posterior means) in the beginning of the breeding period was −3.5 d (95% CI: −11.8, +2.5 d) versus a median shift of −8.3 d (95% CI: −24.5, −3.8 d) in the end of the breeding period. Only five species expanded their breeding period (with a positive estimated mean shift in duration and corresponding 95% CI that did not include 0; observed in all bioclimatic zones except the northern boreal region; [Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)).

![Summary of posterior distributions of species-specific shifts in the beginning, end, and duration of the breeding period within the southern boreal bioclimatic zone. The responses for all bioclimatic zones are shown in [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental). Points represent the posterior mean annual shift over the study period, with lines indicating 95% CIs. Species showing evidence (as indicated by 95% CIs that do not include 0) of advancing versus delaying (beginning, end) and contracting versus expanding (duration) breeding periods are highlighted in orange and purple, respectively. Species are ordered according to their phylogeny (*Left*).](pnas.1913579117fig04){#fig04}

When testing for differences between trait groups, we found high variation in the estimated shifts for all three phenological metrics among species with different trait combinations ([Table 1](#t01){ref-type="table"}). In particular, the overall among-species SD was similar to or greater than the overall among-species mean shift for each metric. The large SD reflects both differences in the magnitude and direction of species-specific shifts ([Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)). Mean species-level shifts were not related to migratory and reproductive strategy combinations ([Table 2](#t02){ref-type="table"}). That is, there were no detectable differences in estimated mean phenological shifts across trait groups. The only exceptions were found in the middle boreal zone, where resident and short-distance migrant species, on average, contracted their breeding period, regardless of the number of broods ([Table 2](#t02){ref-type="table"}).

###### 

Summary of the effects of trait groups on species-level annual shifts in breeding period within each bioclimatic zone

  Trait group   HB                    SB                    MB                         NB
  ------------- --------------------- --------------------- -------------------------- ---------------------
  Beginning                                                                            
   RS-1         0 (−0.28, 0.28)       −0.1 (−0.3, 0.11)     −0.03 (−0.31, 0.24)        0.13 (−0.22, 0.47)
   RS-2         −0.09 (−0.38, 0.21)   −0.09 (−0.31, 0.13)   −0.03 (−0.32, 0.27)        −0.02 (−0.41, 0.34)
   L-1          0.01 (−0.26, 0.3)     −0.03 (−0.26, 0.2)    −0.05 (−0.33, 0.24)        0 (−0.3, 0.31)
   L-2          −0.02 (−0.36, 0.33)   −0.04 (−0.3, 0.2)     −0.08 (−0.4, 0.24)         −0.07 (−0.42, 0.27)
  End                                                                                  
   RS-1         −0.03 (−0.3, 0.27)    −0.15 (−0.42, 0.13)   −0.18 (−0.45, 0.09)        0.03 (−0.34, 0.39)
   RS-2         −0.03 (−0.36, 0.31)   −0.15 (−0.47, 0.18)   **−0.41 (−0.71, −0.09)**   0.01 (−0.47, 0.5)
   L-1          0.01 (−0.28, 0.31)    −0.05 (−0.34, 0.24)   −0.1 (−0.39, 0.2)          0.01 (−0.31, 0.32)
   L-2          0.03 (−0.34, 0.4)     0.02 (−0.31, 0.36)    −0.08 (−0.42, 0.25)        −0.02 (−0.43, 0.38)
  Duration                                                                             
   RS-1         −0.15 (−0.34, 0.04)   −0.16 (−0.35, 0.02)   **−0.21 (−0.36, −0.06)**   −0.1 (−0.44, 0.26)
   RS-2         −0.1 (−0.41, 0.23)    −0.22 (−0.5, 0.06)    **−0.52 (−0.78, −0.25)**   0.02 (−0.58, 0.61)
   L-1          −0.09 (−0.27, 0.1)    −0.1 (−0.29, 0.08)    −0.14 (−0.28, 0.01)        −0.06 (−0.35, 0.22)
   L-2          −0.03 (−0.36, 0.3)    −0.04 (−0.3, 0.23)    −0.18 (−0.41, 0.05)        −0.04 (−0.48, 0.41)

Shown for each trait group are posterior mean effects on species-level shifts in the beginning, end, and duration of the breeding period (in units of d/y) within each bioclimatic zone; 95% CIs are given in parentheses. Trait groups for which the CI does not include 0 (evidence of a trait-group effect) are highlighted in boldface. Negative values indicate an advancement of the beginning and end of breeding or contraction of the breeding period, while positive values indicate the opposite.

Despite the lack of ecological trait effects on species-level breeding-period shifts, several general patterns emerged when species-level responses were grouped by ecological trait. Specifically, the strongest advances in the beginning and, to an even greater degree, the end of the breeding period were observed among resident and short-distance migrants ([Fig. 3](#fig03){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). Additionally, of the 23 species that showed a breeding-period contraction, 20 were resident or short-distance migrants. Among these 20 species, those with multiple broods exhibited greater contractions in their breeding period due to larger advances in the end relative to the beginning of breeding ([Fig. 3](#fig03){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). Finally, we found a strong phylogenetic signal in species-level shifts after accounting for the effects of traits as, for all three metrics, we recovered strong covariance associations compared with a null model that assumes independence among species-level shifts ([Table 3](#t03){ref-type="table"}).

###### 

Strength of phylogenetic signal in species-level breeding-period shifts

  Metric      Posterior mean
  ----------- -------------------
  Beginning   0.98 (0.93, 1)
  End         0.97 (0.92, 0.99)
  Duration    0.71 (0.55, 0.84)

Posterior mean relative effect of the phylogenetic covariance matrix in explaining the covariance among species-level phenological shifts after accounting for the effects of ecological traits (95% CIs are given in parentheses). The relative effect of the phylogenetic covariance matrix is measured by a 0-to-1 scale factor, with larger values indicating stronger association between species-level covariance and the phylogenetic covariance matrix. The results indicated strong associations between species based on phylogeny as the covariance in species-level shifts (after removing the effects of traits) for all three metrics was more closely associated with the phylogenetic covariance matrix than it was with a null model, which assumes independence among species-level shifts.

Discussion {#s2}
==========

Our results show that, on average, bird species in Finland have contracted their breeding period by 1.7 d over the last 43 y. This observed contraction is mainly due to a faster advance of the end compared with the beginning of the breeding period. During roughly the same period, the mean temperature in Finland rose by 0.8 to 1.6 °C ([@r36]). When summarizing the results according to the direction of the species-specific responses, we identified a significant subset of species that are not only breeding earlier in the season but are also concentrating their breeding events in a shorter period, prompting overall average contraction of the breeding period across all species. The majority of species that showed contracting breeding periods were resident or short-distance migratory species.

The general contraction that we observed contrasts with previous reports of expanding breeding periods for birds in temperate regions ([@r4], [@r21]). In addition, while Møller et al. ([@r21]) found no clear effects of migratory strategy on breeding duration, Halupka and Halupka ([@r4]) showed that resident and short-distance migrants expanded, rather than contracted, their breeding periods. Both of these studies further found that multibrooded species tended to expand their breeding period more than single-brooded species. We, on the other hand, did not find a systematic effect of the combination of migratory and reproductive strategy on species-level phenological responses. This lack of systematic trait effects in our study may stem from high interspecific variability in responses, potentially masking the effect of traits on species-level phenological shifts.

The overrepresentation of resident and short-distance migrant species among those showing a contracted breeding period is, however, consistent with studies for several taxa indicating that early-breeding species advance their phenological events more than late-season species ([@r5], [@r22], [@r26], [@r37]). In birds, this may be because resident and short-distance migrants, namely early-breeding species, are better able to respond to environmental cues compared with late-breeding species. Indeed, long-distance migrants have been shown to lag behind short-distance migrants in terms of advancing their arrival at breeding grounds ([@r22], [@r33]). Thus, early breeders may be able to respond quickly to favorable environmental conditions that emerge as seasons begin earlier, and thereby reproduce sooner. An overall shortening of the breeding period may even be facilitated by faster incubation and nestling growth rates due to warmer conditions ([@r38]). Such earlier and shorter breeding periods may also reflect a pattern of less competitive individuals---thought to breed later than more competitive conspecifics---benefitting from warmer conditions and potentially increased resource availability at the onset of their breeding. These late-breeding individuals may be able to advance their breeding proportionally more compared with early-breeding individuals, which still need to balance advancing their egg laying with the risk of cold temperatures in early spring leading to breeding failure ([@r16]).

The variation in direction and magnitude of shifts in both the beginning and end of the breeding period leads to variable changes in breeding duration across species. These divergent patterns highlight that focusing on single metrics, for example, mean phenological advance, may mask changes in the reproductive period across the season, which in turn can have important consequences for anticipating shifts in intra- and interspecific interactions ([@r9], [@r26]). Overall, we detect a shift in the community-level distribution of bird reproduction, involving both when reproduction starts and ends and how concentrated the breeding period is. Whether, in such a context, an advanced but stable, contracted, or expanded breeding period is adaptive will most likely depend on how well breeding shifts mirror-coincident changes in resource availability ([@r39]). Specifically, temporal mismatches between important resources---notably plant and insect availability---and breeding phenology can prompt changes in trophic interactions and community structure ([@r33], [@r40][@r41][@r42]--[@r43]). Higher temperatures may lead to faster development for many insect species ([@r44]), potentially leading to shorter periods of insect availability. For insects that are able to complete several generations per season, on the other hand, voltinism may increase with a longer growing season, resulting in longer periods of availability ([@r44], [@r45]). Effects of resource shifts affecting phenology have been reported for the postbreeding migration behavior in insectivorous passerines, where migration timing was affected by spring rather than fall temperatures ([@r46]). This effect was possibly driven by a shift in the abundance of insects toward earlier timing in years with warm springs, leading to abbreviated availability of resources and earlier departure.

Although we detected an overall contraction in the breeding period of Finnish birds, this pattern was mostly driven by a subset of species, whereas the majority of species showed no detectable change in their breeding duration. This may indicate that for most bird species in Finland, the resources needed for raising nestlings are becoming available earlier in the year, while the period over which these resources are available remains unchanged. Alternatively, individuals may use the extended window between breeding and migration toward other important life-cycle events, rather than investing additional time toward reproduction. This, however, would be strongly connected to whether species are delaying or advancing their fall migration, a response that also varies heavily among species ([@r47][@r48]--[@r49]). Species that have not changed their fall migration phenology may be investing the additional time in later life-history events, for example, moulting (more time to grow higher-quality feathers) and preparing for autumn migration, both of which can increase their survival ([@r47]). However, species that have advanced their migration time would be heavily constrained in the time invested in breeding, as the time available for preparing for migration or overwintering remains unchanged.

We found that related species tend to shift their breeding period in a similar fashion. For example, owls and thrushes showed strong advances in the beginning of the breeding period, while gulls, corvids, and titmice advanced the end of the breeding period. Related species likely share similarities in terms of both their mean annual timing of life-cycle events and their general ability to respond to environmental cues ([@r23], [@r50]). The clear phylogenetic signal identified here suggests that related species will respond to climate change by similar phenological shifts, and thereby highlights the potential for using phylogenetic information to improve predictions of phenological change across species ([@r24]).

While most species advanced their timing of breeding, our results reveal differences in the magnitude and direction of shifts in both the beginning and end of breeding. The relatively small advances in the timing (−0.11 and −0.15 d/y in the beginning and end, respectively) of breeding that we detect are in line with estimates for the boreal region of Finland \[([@r13]) ca. −0.07 d/y\] and for subarctic birds in Sweden \[([@r51]) −0.09 d/y\], but are smaller than those reported for birds in temperate regions (e.g., ref. [@r34]: from −0.19 to −0.23 d/y, depending on the averaging method) \[([@r52]) −0.13 d/y\]. Such contrasting trends between regions for both timing and duration of breeding ([@r4], [@r21], [@r34], [@r52]) highlight potential differences in the responses of bird species to climate change between major biomes. Still, and contrary to our initial expectations, we found no substantial difference in the magnitude or direction of species-level responses for any of the three phenological metrics among the four bioclimatic zones within the boreal biome in Finland (although in our data, there were only five species in the northern boreal zone after data pruning; [*Species Inclusion Criteria*](#s5){ref-type="sec"}). One potential explanation is that our bioclimatic zones are all subregions within the boreal zone and that they may thus be too similar for divergence in breeding responses to appear over the time period considered. Further studies are thus necessary to critically evaluate whether latitudinal differences in phenological responses may be emerging over time ([@r3], [@r7], [@r53]).

Our study is a large-scale analysis of changes in bird breeding timing and duration in the boreal region, and highlights that the duration of breeding may be becoming shorter for many bird species. In addition, it highlights the role of differences in species' relative timing of breeding for understanding phenological responses to climate change ([@r27], [@r54]). Our findings are relevant for understanding phenological changes across biomes and for improving predictions of future phenological responses. Given the strong phylogenetic signal detected, the estimates provided allow tentative predictions to be made regarding the responses of species not included in this study ([@r24]). Most importantly, our study suggests that evaluating changes throughout the season is crucial, as earlier and shorter breeding periods in birds may alter community-wide patterns of species co-occurrence and trophic relations across the boreal region.

Methods {#s3}
=======

Bird Ringing Data. {#s4}
------------------

To quantify changes in breeding-period timing and duration of bird species in Finland, we use the Bird Nest Ringing Database coordinated and curated by the Finnish Museum of Natural History. This database contains records for ringing events of individual bird nestlings (marked by unique ring identifications) in Finland. These data are a subset of the data in the "Database of birds ringed in Finland and all reported encounters of the birds" (<http://tun.fi/HR.48>), which is available from the Finnish Biodiversity Information Facility (FinBIF) at <https://species.fi>. The primary database was queried by J. Valkama and M. Piha in summer 2018 to include only records of ringed nestlings. At the point of data extraction, the database contained over 3.6 million ringing records of nestlings for 166 species, which represents ca. 66% of the 250 bird species known to breed in Finland ([@r55]). Ringing is done by experienced volunteer ornithologists who have received training in the procedure ([@r56]). Crucially, nestlings can only be ringed when of a certain size (which is species-specific), and thus the timing of ringing is tightly linked to the timing of egg hatching ([@r21], [@r47]). We therefore use the timing of ringing as an indicator for breeding time, since, within species, the possible timing of ringing is relatively constant in relation to egg hatching and has been identified as a functional phenological indicator ([@r21]). Additionally, ringing data have been shown to be a reliable estimate for breeding phenology ([@r29]). In order to identify single ringing events per nest and day of year for each species, we took a number of processing steps with the raw data ([*SI Appendix*, Text S1 and Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)). These processing steps resulted in 919,713 records of bird ringing events for 166 species, spanning 43 y and four bioclimatic zones in Finland (available on the Dryad website at <https://doi.org/10.5061/dryad.wstqjq2ht>) ([@r57]), which were further filtered through criteria for species inclusion, as explained below.

Species Inclusion Criteria. {#s5}
---------------------------

As some species had very sparse records, either within a specific bioclimatic zone or over time, we included only species--zone--year combinations with a minimum of 30 records. Next, we included only those species--zone combinations that had records from at least 10 y over our study period, and with at least 1 y with observations in the first and one in the last 10 y of the study period. These relatively conservative inclusion criteria meant that many ringing events, and thus several species and species-by-zone combinations, were not included in the analysis. These steps were intended to ensure that 1) there were sufficient records to estimate phenological metrics for each species in each zone and per year (i.e., enough records to represent the day-of-year distribution of nesting events); 2) there was a sufficient number of years sampled for each species and zone to reliably estimate shifts in the breeding period (i.e., at least 10 data points over time); and 3) the species analyzed were present in the beginning and end of our study period. We finally excluded one species (*Columba oenas*) as it breeds irregularly and several times throughout the season, and thus has an intermittent and varying breeding phenology that is not well-captured by ringing data. Finally, we removed apparent outliers in the data, namely ringing events clearly outside the general breeding season of birds in Finland, which most probably represent data entry errors (by inspecting the distribution of the nesting events over time for each species--zone combination). The final dataset contained 821,413 records of ringing events in unique nests for 73 species (available on the Dryad website at <https://doi.org/10.5061/dryad.wstqjq2ht>) ([@r57]), representing a large variety of species including birds of prey, waders, passerines, and owls. Some species occur in only one bioclimatic zone, while others occur in several (from south to north: hemiboreal \[HB\], 31 species; southern boreal \[SB\], 68 species; middle boreal \[MB\], 34 species; and northern boreal \[NB\], 5 species; [Fig. 2](#fig02){ref-type="fig"}).

We performed two sensitivity analyses to evaluate changes in ringer behavior and ringing effort over the study period that could confound the patterns of change in phenology ([*SI Appendix*, Text S2 and Figs. S8--S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)).

Phenological Metrics. {#s6}
---------------------

Rather than modeling ringing events directly (i.e., the day of year when ringing was conducted), we quantified three phenological metrics for each species--zone--year combination. The average number of records used for quantifying the metrics was 508, ranging between a minimum of 30 (our imposed threshold) and a maximum of 1,981. Specifically, we estimated the 5th and 95th percentiles of the annual day-of-year distribution for each species and zone, as well as the difference between the upper and lower quantiles. These metrics were used as a proxy for the beginning, end, and duration of a species' breeding period in a given year, respectively. These phenological metrics were used (rather than direct ringing-event observations) to control for both ringer effort levels ([*SI Appendix*, Text S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)) and autocorrelation in ringing events similar to a summary measure analysis for repeated measures. That is, by integrating over the day-of-year distribution, we average across ringer efforts in a given day of the year and reduce the strong temporal autocorrelation present in individual ringing events.

Trait Data and Phylogeny. {#s7}
-------------------------

We classified species according to migratory strategy and number of broods based on the literature ([@r58][@r59]--[@r60]). The trait data are based on the best available information on Finnish birds, which have been studied for decades. These trait data, including migratory strategy and number of broods, have already been used in several other studies, where significant differences in responses between groups have been found ([@r13], [@r60][@r61]--[@r62]). Specifically, we assigned species into two groups based on their migration strategy (resident or short-distance migrants, and long-distance migrants), and into two groups based on whether they are single- or multibrooded ([@r58], [@r63]). Species that are multibrooded in southern Finland and single-brooded in northern Finland were categorized as multibrooded, as the majority of our data are from southern Finland. Resident and short-distance migratory species (RS; 48 species) tend to breed earlier in the season than long-distance migrants (L; 25 species), and one-brooded species (1; 56 species) tend to have a shorter breeding period than species that produce two or more broods (2; 17 species) ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)). The trait groups were represented by the following number of species: RS-1, 36 species; RS-2, 12 species; L-1, 20 species; and L-2, 5 species.

We constructed a series of 100 phylogenies of the 73 species using [BirdTree.org](http://BirdTree.org) ([@r64], [@r65]) and produced a consensus tree using the "consensus" function in the R package APE ([@r66]). Although there are no large discrepancies regarding the phylogeny of birds occurring in Finland, this approach is more conservative than picking a random tree among the minimum 100 trees provided by [https://birdtree.org](https://birdtree.org/).

Model Description. {#s8}
------------------

We applied the hierarchical modeling of species communities \[HMSC ([@r67])\] framework to model species-specific changes jointly across all 73 bird species for each phenological metric over time. HMSC uses a Bayesian hierarchical structure to decompose complex, joint interactions among species and their local environment. Here we briefly describe the application of HMSC to the bird ringing data. Additional information on the applied model can be found in [*SI Appendix*, Text S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental) and complete description of the HMSC framework can be found in ref. [@r31]. We modeled each metric for an individual species in a given year and bioclimatic zone as$$y_{it,j} = \beta_{i,j}^{(0)} + \beta_{i,j}^{(1)}x_{t} + u_{it,j} + \varepsilon_{it,j}\text{,}$$

where $i$ indexes bioclimatic zone $\left( {i = HB,SB,MB,NB} \right)$, $t$ indexes study period year $\left( {t = 1,2,\ldots,43} \right)$, and $j$ indexes species $\left( {j = 1,2,\ldots,73} \right)$. Here $y$ is one of the three breeding-period metrics (we fit the HMSC framework to each metric independently), $\beta_{i,j}^{(0)}$ and $\beta_{i,j}^{(1)}$ are species--zone--specific intercept and annual effects, respectively, $x_{t}$ is the value of a centered and scaled study year variable, $u_{it,j}$ is a zone-by-year, species-specific random effect, and $\mathit{\varepsilon}_{it,j}$ is a random error term. The means of species--zone--specific effects are estimated as a function of our ecological traits: migratory strategy and brood size. The covariance among species-specific effects within each zone is modeled as a mixture of species' phylogenetic distance and a null model that assumes independence among species. A single mixture parameter measures the relative importance of the phylogeny in describing the covariance in species-specific effects ([Table 3](#t03){ref-type="table"}). The zone-by-year, species-specific random effect accounts for residual covariance among our 73 bird species after removing the effects of bioclimatic zone and study year. Finally, the random error term accounts for additional residual error independent across species. We use Gaussian data models for all random error terms (i.e., $u_{it,j}$ and $\mathit{\epsilon}_{it,j}$). We used Markov chain Monte Carlo (MCMC) simulation to fit the above model for each phenological metric separately, as implemented within the HMSC package \[version 3.0-2 ([@r67])\] for the R statistical computing environment ([@r68]). Specifically, for each phenological metric, three MCMC chains were run applying the default prior and hyperparameter values for all model parameters to generate 1,000 posterior samples using a thinning interval of 100 following a burn-in period of 200,000 samples (for the phenological metric "beginning," the thinning interval and burn-in period were, respectively, 150 and 300,000). For all metrics, model convergence was assessed visually and using Gelman--Rubin statistics ([@r69]). Additional details on HMSC model implementation can be found on the package webpage (<https://cran.r-project.org/web/packages/Hmsc/index.html>) and in Tikhonov et al. ([@r32]).

We conducted a bootstrapped reanalysis to ensure that model results and conclusions were not biased by underlying uncertainty in derived phenological metrics, given known challenges in estimating the tails of empirical distributions ([*SI Appendix*, Text S4, Figs. S4 and S5, and Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)).

Summarizing Results. {#s9}
--------------------

Model results are summarized in several ways. For each species-by-zone combination, we summarize the posterior distribution of the effect of year (i.e., slope) for each phenological metric by calculating the posterior mean and its 95% CI ([Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)). Species are considered to show a shift in a phenological metric over the study period if the 95% CI for the effect of year does not include 0. In some cases, we report the total number of species that showed a breeding-period shift. These totals reflect the unique set of species across all four bioclimatic zones whose 95% CI did not include 0. We also plot the distribution of species-by-zone--level posterior mean estimates ([Fig. 3](#fig03){ref-type="fig"} and [*SI Appendix*, Figs. S2 and S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913579117/-/DCSupplemental)) to assess general trends among species dependent on their traits and bioclimatic zone. The among-species breeding-period shifts are further summarized by calculating the posterior among-species mean and SD and their corresponding 95% CIs according to trait groups ([Table 1](#t01){ref-type="table"}). That is, for each posterior sample, we calculate the among-species mean and SD within ecological trait groups, and then summarize the posterior distribution for each summary statistic by calculating its mean and 95% CI.
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